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ABSTRACT 
 Terrestrial impact structures offer astronomers and geologists opportunities to 
study the impact cratering process.  Tennessee has four structures of interest.  
Information gained over the last century and a half concerning these sites is scattered 
throughout astronomical, geological and other specialized scientific journals, books, 
and literature, some of which are elusive.  Gathering and compiling this widely-
spread information into one historical document benefits the scientific community in 
general.    
The Wells Creek Structure is a proven impact site, and has been referred to as the 
‘syntype’ cryptoexplosion structure for the United State.  It was the first impact 
structure in the United States in which shatter cones were identified and was 
probably the subject of the first detailed geological report on a cryptoexplosive 
structure in the United States.  The Wells Creek Structure displays bilateral 
symmetry, and three smaller ‘craters’ lie to the north of the main Wells Creek 
structure along its axis of symmetry.  The question remains as to whether or not these 
structures have a common origin with the Wells Creek structure.  
 The Flynn Creek Structure, another proven impact site, was first mentioned as a 
site of disturbance in Safford’s 1869 report on the geology of Tennessee.  It has been 
noted as the terrestrial feature that bears the closest resemblance to a typical lunar 
crater, even though it is the probable result of a shallow marine impact.  Flynn Creek 
is home at least ten caves including the only cave known to have formed in the 
central uplift of a terrestrial complex crater.   
 The Dycus Structure lies only 13 km to the north-northwest of Flynn Creek and 
may be associated with the Flynn Creek impact event.  It is not a proven impact site, 
but shows strong evidence of meteorite impact with features that reflect on the rock 
pressures attained during the deformation process.  Dycus is elliptical in shape and 
possesses an offset ‘central’ uplift even though it is too small to be a complex crater.   
 The Howell Structure was included in a 1949 list of the twelve best-known 
‘cryptovolcanic’ structures.  Features that may be shatter cones have been found in 
the Howell Structure, but they are poorly formed and indistinct.  Breccias and planar 
fractures in quartz grains found within the circular structure are evidence of a 
disturbance, but whether or not this disturbance was due to an impact has yet to be 
determined.  Howell remains a suspected impact site.         
  
  
  
  
  
  
 
 
 
  
  
ii 
 
CERTIFICATION OF DISSERTATION 
I certify that the ideas, experimental work, results, analyses, software and 
conclusions reported in this dissertation are entirely my own effort, except where 
otherwise acknowledged. I also certify that the work is original and has not been 
previously submitted for any other award, except where otherwise acknowledged. 
 
 
 
Signature of Candidate: 
Date: 
 
 
 
ENDORSEMENT BY SUPERVISORS 
 
Signature of First Supervisor: 
Date: 
 
Signature of Second Supervisor: 
Date: 
 
Signature of Third Supervisor: 
Date: 
 
  
 
 
iii 
 
 
ACKNOWLEDGEMENTS 
  
I am grateful to Professor Brad Carter (University of Southern Queensland), 
Professor Wayne Orchiston (National Astronomical Research Institute of Thailand) 
and Ron Clendening (Tennessee Division of Geology) for supervising this thesis 
project. I also appreciate the time that Marvin Berwind (Tennessee Division of 
Geology) has taken to tour the Wells Creek, Howell, and Dycus sites with me in 
addition to the Tennessee geological information he has been so generous in 
sharing.  Larry W. Knox (Professor of Earth Sciences, Tennessee Technological 
University) served as tour guide for the Dycus structure and for the Flynn Creek 
site, including Wave Cave and the central uplift. He also provided geological maps 
of the Flynn Creek area.  Richard S. Stringer-Hye (Stevenson Science and 
Engineering Library, Vanderbilt University) has also been of great assistance in 
locating some of the more obscure articles and papers.  Rebecca F. Tischler 
(Williamson County Public Library) has provided invaluable technical and research 
assistance as well as photographed shatter cones and various sites in and around the 
Flynn Creek structure.  I also wish to thank my husband, Heinrich Tischler, for his 
patient support and sacrifices, my son Andrew for his enthusiasm and willingness to 
climb central uplifts in all types of weather, my daughter Jessica for her constant 
encouragement, and my daughter Rebecca for sharing her time and insights as well 
as her many technical skills in this endeavor.  Though my father, Hugh Green Ford, 
M.D., shared many interesting views through microscopes with me, it was the views 
he showed me of celestial objects through binoculars and rocks through magnifying 
glasses that kindled my early interest in Astronomy and Geology that eventually led 
to this study.  My mother, Aidalu Butenschön Ford, a scholar and historian, made 
sure I had access to the books, places, and experiences that could feed my growing, 
though mysterious to her, interest in these disciplines.  Therefore, I acknowledge, 
with gratitude, their influence from long ago on my current work.   
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
TABLE OF CONTETS 
Page 
 
1. INTRODUCTION                   1  
1.1. Topic Outline                       1  
1.2. Specialist Terms and Definitions                   1  
1.3. Literature Review, Topic Justification and Importance               3  
1.4. Research Methodology                       4  
1.5. Thesis Structure                                        5 
 
2. TERRESTRIAL METEORITE IMPACT SITES:                            
LITERATURE REVIEW            6 
2.1. Meteorite Crater Morphology                         6  
2.1.1. Impact Craters and Structures                       8 
2.1.2. Simple Craters                         10  
2.1.3. Complex Craters                         12  
2.1.4. Distinctive Craters and Structures                       15  
2.2. Astronomical and Geological Evidence                               17  
2.2.1. Breccias                           17  
2.2.2. Shatter Cones                                     19  
2.2.3. Shock Melt                    20  
2.2.4. Planar Microstructures                 21  
2.2.5. High-pressure Polymorphs                  23  
2.3. Impact Cratering Mechanics                 24  
2.3.1. Impact Velocity and Energy                 24  
2.3.2. Contact and Compression                 28  
2.3.3. Excavation and Ejection                 31  
2.3.4. Crater Modification                   36  
2.3.5. Oblique Cratering Events                 43  
 
3. HISTORICAL CONTEXT: CHANGING PERSPECTIVES ON IMPACT   
CRATERING, PRIMARILY FROM AN AMERICAN VIEWPOINT        58  
3.1. A Brief History of the Origins of Meteoritics            58  
3.2. Impact Structures and Lunar Correlations           67  
3.3. Changing Perspectives on Cryptoexplosive Structures               79 
3.4. The Astrogeology Research Program                       85  
3.5. Future Research on Ancient Impact Sites                              91 
 
4. THE TENNESSEE METEORITE IMPACT SITES                    94 
4.1. Tennessee’s Geography and Geology                               94  
4.2. The Wells Creek Structure                       97  
4.2.1. Introduction                              97  
4.2.2. Historical Context                            98  
4.2.3. Structural Features and Age                       104  
4.2.4. Crypto-Controversies                        109  
4.2.5. Cratering Mechanics                         111  
4.2.6. Shatter Cones                                   112  
4.2.7. Bilateral Symmetry                                 115  
4.2.8. Associated Craters: Cave Spring Hollow, Indian Mound, Austin    116 
4.2.9. Conclusion                                    124 
v 
 
4.3. The Flynn Creek Structure                     124  
4.3.1. Introduction                            124  
4.3.2. Historical Context                                  126  
4.3.3. Structural Features and Age                               130  
4.3.4. Cratering Mechanics                                 157  
4.3.5. Crypto-Controversies                                158  
4.3.6. Bilateral Symmetry                                        177  
4.3.7. Marine Impact                       180  
4.3.8. Cave Development                                 187  
4.3.9. Conclusion                                    196  
4.4. The Dycus Structure                                  197  
4.4.1. Introduction                                   197  
4.4.2. Historical Context                                  198  
4.4.3. Structural Features and Age                               199  
4.4.4. Crypto-Controversies                                204  
4.4.5. Cratering Mechanics                                 206  
4.4.6. Comparison with the Lunar and Oblique Craters                         206  
4.4.7. Conclusion                                    208  
4.5. The Howell Structure                                  209  
4.5.1. Introduction                                    219  
4.5.2. Historical Context                                  210  
4.5.3. Morphology, Stratigraphy and Age                             210  
4.5.4. Crypto-Controversies                                220  
4.5.5. Howell Breccias                                  222  
4.5.6. Shatter Cones, Shocked Quartz and Drill Cores                         227  
4.5.7. Conclusion                                    232  
 
5. CONCLUSION                       234 
 
6. REFERENCES                         243  
 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
vi 
 
LIST OF FIGURES 
                                                                                                                                Page  
Chapter 1   
 
   
Figure 1.1:   Generalized geological map of Tennessee showing the locations 
of the four largest cities and the two confirmed and two suspected 
meteorite impact sites 
 1 
Figure 1.2:  The Barringer Meteor Crater in Arizona   2 
Figure 1.3: Robert S. Dietz  2 
Figure 1.4:   Eugene M. Shoemaker, one of the founders of  planetary science  3 
 
Chapter 2  
 
   
Figure 2.1:   A geological location in central Tennessee showing a clear 
example of Ordovician Marine sediments … 
 6 
Figure 2.2:   Isidorus D, a 15-km diameter crater located in the Lunar 
Highlands  
 7 
Figure 2.3:   An unnamed lunar crater, ~270 m in diameter, with a symmetrical 
ejecta blanket   
 7 
Figure 2.4:   The lunar crater Tycho …     7 
Figure 2.5:   A schematic illustrating the successive phases of modification of 
an impact crater 
 8 
Figure 2.6:   The 1947 Sikhote-Alin meteorite fall left many small impact pits 
like this one   
 9 
Figure 2.7:   Image of the Henbury Crater cluster …  10 
Figure 2.8:   Photograph of one of the small Henbury craters …    10 
Figure 2.9:   This unnamed Martian crater … is an example of a typical 
“simple crater”   
 11 
Figure 2.10: Lunar Orientale Impact Basin … Insert: a tiny Microcrater …    11 
Figure 2.11:   Tycho, an 85-km lunar complex crater     12 
Figure 2.12:   The Wells Creek Structure consists of annular outer and inner 
grabens …   
 13 
Figure 2.13:   Donne, a complex crater on Mercury …            14 
Figure 2.14:   Peak-ring craters. Left: lunar crater Schrodinger …   
Right: Eminescu, crater on Mercury … 
 14 
Figure 2.15: Martian impact crater in the Melas Dorsa region displaying a 
butterfly-shaped ejecta blanket 
 15 
Figure 2.16: A painting of the Wetumpka Impact Crater in Alabama …  16 
Figure 2.17: Howell breccia sample  18 
Figure 2.18: Wells Creek shatter cones  19 
Figure 2.19: A 4-inch wide slice of shock-melted glass …    20 
Figure 2.20: A thin section showing of planar fractures ...  21 
Figure 2.21: A thin-section showing planar deformation features …          21 
Figure 2.22: Diagrams showing a transient crater and resulting simple crater    37 
Figure 2.23: These diagrams show the final crater diameter, D, of a complex 
crater compared to the smaller diameter, Dt, of the transient 
crater, and the transient crater’s depth, Ht, which is greater than 
the complex crater depth, H.   
 38 
vii 
 
Figure 2.24: The final form of a complex crater, including the central uplift 
and terraced walls 
 38 
Figure 2.25: Graph showing dependence of crater elongation on impact angle    45 
Figure 2.26: Messier and Messier A showing ejecta patterns    46 
Figure 2.27: Messier and Messier A close-up view  46 
Figure 2.28: “Butterfly crater” on Mars ...    47 
Figure 2.29: Martian crater SL82 ...  49 
Figure 2.30: Lunar crater Schiller    49 
Figure 2.31: Martian butterfly crater with linear ridge  50 
Figure 2.32: Un-named elongated crater on Mars    50 
Figure 2.33: Schematic diagram showing the effect of Bow Shock Interaction  51 
Figure 2.34: Plan showing the general distribution of Henbury craters ...  53 
Figure 2.35: Outline map of the Henbury crater field and meteorite distribution    54 
Figure 2.36: Diagram showing the relationship of the larger Henbury craters  54 
Figure 2.37: Outline map of Henbury field showing radial rays from crater #3  54 
Figure 2.38: An aerial view of the Clearwater Lakes impact craters        55 
 
Chapter 3  
 
   
Figure 3.1: J.-B. Biot    59 
Figure 3.2: E.F.F. Chladni     59 
Figure 3.3: Benjamin Silliman  60 
Figure 3.4: A nineteenth century engraving of the 1833 Leonid meteor storm  62 
Figure 3.5: D. Olmsted  63 
Figure 3.6: H.A. Newton  64 
Figure 3.7: A doctor examines the bruise on Ann Hodges ...  66 
Figure 3.8: Donna Rentfrow ... holds a replica of the “Hodges meteorite” ...  66 
Figure 3.9: A composite image prepared by Howard Eskildsen in 2009, one 
year before Ralph Baldwin died ... 
 67 
Figure 3.10: Baron von Gruithuisen  68 
Figure 3.11: R.A. Proctor    68 
Figure 3.12: G.K. Gilbert  69 
Figure 3.13: A. Wegener    69 
Figure 3.14: E.J. Öpik  70 
Figure 3.15: H.E. Ives  70 
Figure 3.16: Comparisons of lunar craters ... and bomb craters  72 
Figure 3.17: A.C. Gifford  75 
Figure 3.18: R.A. Daly  75 
Figure 3.19: Scale models comparing a typical lunar crater and  a typical 
terrestrial volcanic caldera 
 75 
Figure 3.20: Schematic cross-section showing the changing appearance of an 
impact site ... 
 80 
Figure 3.21: D.M. Barringer  82 
Figure 3.22: H.H. Nininger    82 
Figure 3.23: The Flynn Creek Historical Marker    90 
 
 
   
viii 
 
Chapter 4  
 
Figure 4.1: Location of Tennessee in the USA    94 
Figure 4.2: Map of the Central Southeastern USA showing known and 
suspected meteorite impact sites 
 95 
Figure 4.3: Geological map of Tennessee  95 
Figure 4.4: Map of Tennessee showing the different physiographical regions  95 
Figure 4.5: Generalized geological map of Tennessee showing locations of 
its four largest cities (black dots) and the two confirmed and two 
suspected meteorite impact sites (small black dots with circles) 
 98 
Figure 4.6: Safford‟s 1869 Geological Map of Tennessee  99 
Figure 4.7: Enlargement of the small map inset on the upper left of Figure 4.6  99 
Figure 4.8: A recent photograph illustrating “… the rock layers are folded, 
fractured and dislocated, and have inclinations at all angles.”   
 100 
Figure 4.9: Safford and Lander‟s geographical map of the Wells Creek Basin  102 
Figure 4.10: A stratigraphical section showing the lithological column with 
symbols as well as the stratigraphical  nomenclature used in 1890 
and 1965 
 103 
Figure 4.11: Geological map of the Wells Creek structure drawn  by Safford 
and Lander circa 1895   
 104 
Figure 4.12: Geological map of Wells Creek Basin showing  fault patterns as 
understood in 1965 
 104 
Figure 4.13: Idealized cross-sections through impact craters  showing 
distortions of rock layers and zones of  brecciation 
 105 
Figure 4.14: Map showing major structural features of the Wells  Creek 
structure 
 106 
Figure 4.15: The probable structure beneath a typical meteorite Crater  110 
Figure 4.16: Wells Creek shatter cones in snow    114 
Figure 4.17: The Henbury, Australia (left) and Odessa, Texas (right) crater 
fields 
 116 
Figure 4.18: Map showing the locations of the Wells Creek Structure and the 
Little Elk Creek, Cave Spring  Hollow, Indian Mound and Austin 
“satellite craters” 
 119 
Figure 4.19: Geological map showing the presumed areal extent of the Indian 
Mound and Austin structures 
 120 
Figure 4.20: A paper prepared by Alvin J. Cohen for a conference on Nuclear 
Geophyics included this map of US impact crater sites showing 
the Indian Mound structure next to Wells Creek 
 123 
Figure 4.21: View of the Flynn Creek area on Safford’s 1869 geological map    126 
Figure 4.22: Dave Roddy (1932–2002)     128 
Figure 4.23: Composite stratigraphic section for Middle Tennessee     131 
Figure 4.24: Generalized columnar sections from Flynn Creek    132 
Figure 4.25: Schematic map of major Flynn Creek structural elements  133 
Figure 4.26: Contour map of the Flynn Creek Crater     133 
Figure 4.27: 3-D model of the Flynn Creek Crater by Roddy  134 
Figure 4.28: The lunar crater Pythagoras    134 
Figure 4.29: Areal geologic map of the Flynn Creek area  135 
Figure 4.30: Contour map of the pre-Chattanooga topographic surface  136 
ix 
 
Figure 4.31: Isopach map showing thickness of the Chattanooga shale  136 
Figure 4.32: Contour map showing the post-Chattanooga structure  136 
Figure 4.33: East-west structural cross section of the Flynn Creek site  137 
Figure 4.34: Diagrammatic restorations of section across the Flynn Creek 
Structure 
 139 
Figure 4.35: Cross-section of the western rim of the Flynn Creek Structure    141 
Figure 4.36: Generalized geological map of the Flynn Creek Structure  142 
Figure 4.37: Geological cross-section of southeastern rim of Flynn Creek   144 
Figure 4.38: Generalized geological cross section of the Flynn Creek Structure        147 
Figure 4.39: Calcite crystals with abundant inclusions cut by a zone free of 
inclusions      
 148 
Figure 4.40: Location of 1967 and 1978-1979 drill holes at Flynn Creek    151 
Figure 4.41: Schematic geological cross-section of Flynn Creek  152 
Figure 4.42: Stratigraphic column of Gainesboro quadrangle    155 
Figure 4.43: Isogammal map showing magnetic intensity in Flynn Creek area  161 
Figure 4.44: Total intensity magnetic anomalies in the Flynn  Creek area  166 
Figure 4.45: Complete Bouguer anomaly map of the Flynn Creek area  167 
Figure 4.46: Schematic cross section of the 500-ton TNT “Snowball” Crater at 
the Suffield Experimental Station, Alberta, Canada     
 169 
Figure 4.47: An aerial view of the 500-ton TNT Crater one day after formation  170 
Figure 4.48: Another aerial view of the 500-ton TNT “Snowball” Crater one 
day after formation 
 170 
Figure 4.49: A close-up view of one of the concentric fractures at the 500-ton 
“Snowball” TNT Crater 
 170 
Figure 4.50: Crater comparisons    171 
Figure 4.51: Geological cross-sections of Flynn Creek, Snowball, and 
Copernicus craters 
 172 
Figure 4.52: Calculated profiles of craters formed by impactors having 
densities of ρ = 1.0 gram/cc and ρ = 0.05 gram/cc. 
 173 
Figure 4.53: Alluvium displacement below the 20-ton TNT Crater    175 
Figure 4.54: Schematic cross-section showing the Flynn Creek cratered region  178 
Figure 4.55: NASA Apollo 11 photographs showing close-ups of the lunar 
craters Messier and Messier A   
 179 
Figure 4.56: Schematic presentation of the Flynn Creek crater stratigraphic 
relationships showing locations of drill cores 3, 6, 12, 13  
 184 
Figure 4.57: Black Shale stratigraphy from central uplift western flank drill 
cores 
 184 
Figure 4.58: Sample of drill cores from the USGS Flynn Creek Crater Drill 
Core Collection   
 185 
Figure 4.59: Model for the speleogenetic modification of Flynn Creek    187 
Figure 4.60: Two different structural models for Wave Cave     189 
Figure 4.61: Ford and Knox examine Wave Cave entrance  190 
Figure 4.62: View within Wave Cave Anticline Room     191 
Figure 4.63: Map of Wave Cave     191 
Figure 4.64: Map of Birdwell Cave    192 
Figure 4.65: Collapsed cave along Flynn Creek Road    194 
Figure 4.66: Map of the Hawkins Impact Cave    195 
x 
 
Figure 4.67: A view of the Dycus Disturbance looking northeast  198 
Figure 4.68: Mitchum’s geological map of the Dycus Disturbance  199 
Figure 4.69: Map of anticline trending northeast-southwest  202 
Figure 4.70: Two views of rows of moss-covered rocks standing on edge in 
the Dycus Disturbance   
 203 
Figure 4.71: The elongated lunar crater Schiller  207 
Figure 4.72: A geological map of the Howell area    211 
Figure 4.73: Middle Tennessee composite stratigraphic section   212 
Figure 4.74: A structural cross-section of the Howell Structure   214 
Figure 4.75: Idealized cross-section of the eastern half of Howell Structure  216 
Figure 4.76: Idealized cross-section of the Howell Structure based on two 
superimposed half craters   
 217 
Figure 4.77: A generalized tectonic map of the southern interior Lowlands of 
the United States…showing Howell and three concentric faults 
 220 
Figure 4.78: Photographs of Howell breccia outcrops along a road cut and a 
creek bed 
 223 
Figure 4.79: Photographs of the Howell “mega-breccia‟ matrix and “crush” 
breccias 
 224 
Figure 4.80: A photograph which shows a possible breccia injection vein that 
crosses relict bedding     
 225 
Figure 4.81: A photograph of a “Breccia vein flow pattern of fine-grained 
particles around larger fragments.”   
 225 
Figure 4.82: Photographs of “plum-pudding breccias”    225 
Figure 4.83: A photograph of a Howell breccia sill  227 
Figure 4.84: A photograph of possible shatter cones    228 
Figure 4.85: Use of an overlay to indicate features that may be shatter cones    228 
Figure 4.86: Photograph of a “poorly-formed shatter cone”     230 
Figure 4.87: Use of an overlay to indicate poorly-formed shatter cones     230 
Figure 4.88: A thin section showing a quartz grain with planar features  231 
Figure 4.89: Thin sections showing two quartz grain samples displaying 
“micro-breccia” and “... the flow of finely  divided particles ...”   
 231 
                        
  
 
 
 
 
  
 
 
 
 
  
  
  
 
 
  
xi 
 
LIST OF TABLES 
                                  Page  
 
 
 
 
 
               
 
Table 2.1: Classification and nomenclature of impactites    18 
Table 2.2: Shock pressures and their effects    22 
Table 2.3: Comparisons of measured or estimated dimensions to formula 
approximations for Wells Creek and Flynn Creek Structures 
 40 
Table 4.1: Wells Creek Basin and possible satellite craters    117 
